Understanding of the fundamental mechanisms that govern adhesive properties of human induced pluripotent stem cells (hiPSCs) to culture environments provides surface design strategies for maintaining their undifferentiated state during cell expansion. Polyamidoamine dendrimer surface with first-generation (G1) with dendron structure was used for co-cultures of hiPSCs and SNL feeder cells that formed tightly packed compact hiPSC colonies, similar to those on a conventional gelatin-coated surface. hiPSCs passaged up to 10 times on the G1 surface maintained their undifferentiated state. Immunostaining and RT-PCR analysis of fibronectin showed that the secreted fibronectin matrix from feeder cells on the G1 surface contributed to hiPSC attachment. Compared with cells on the gelatin-coated surface, F-actin and paxillin immunostaining revealed a well-organized network of actin stress fibers and focal adhesion formation at cell-substrate sites in hiPSC colonies on the G1 surface. E-cadherin expression levels on these surfaces were almost same, but paxillin and Rac1 expression levels on the G1 surface were significantly higher than those on the gelatin-coated surface. Zyxin showed prominent expression on the G1 surface at sites of focal adhesion and cell-cell contact in colonies, whereas zyxin expression on the gelatin-coated surface was not observed in regions of cell-cell contact. These findings indicate that transduction of mechanical stimuli through actin polymerization at sites of focal adhesion and cell-cell contact results in maintenance of undifferentiated hiPSC colonies on G1 surface. The G1 surface enables a substrate design based on the mechanical cues in the microenvironment from feeder cells to expand undifferentiated hiPSCs in long-term culture.
INTRODUCTION 1
Human induced pluripotent stem cells (hiPSCs) are genetically reprogrammed to an embryonic 2 stem cell-like state by forced gene expression of factors that are important to maintain the defining 3 properties of human embryonic stem cells (1-3). hiPSCs are characterized by their capacity to 4 differentiate into cell types of all three germ layers (3). Because of their self-renewing and 5 paraformaldehyde (Wako Pure Chemical Industries, Osaka) for 10 min at room temperature and 23 rinsed with PBS, followed by soaking in PBS with 0.25% Triton X-100 for 4 min. After masking of 24 non-specific proteins by incubation in Block Ace (Dainippon Sumitomo Pharma Co., Ltd., Osaka) 25 for 1 h at ambient temperature, the cells were treated with a primary antibody at 4 °C overnight. 26 4
The cells were incubated with anti-Oct3/4 (Santa Cruz Biotechnology, CA, USA), anti-Nanog 1 (Stemgent, San Diego, CA, USA), anti-SSEA-4 (Stemgent), anti-Tral-60 (Stemgent), 2 anti-fibronectin (Santa Cruz Biotechnology), anti-paxillin (Millipore), and anti-zyxin (Abcam,  3 Cambridge, MA, UK) primary antibodies that were adequately diluted in PBS containing 10% 4 Block Ace. Cells were washed with Tris-buffered saline followed by immunolabeling with Alexa 5
Fluor 488-conjugated goat anti-rabbit or Alexa Fluor 594-conjugated goat anti-mouse IgG 6 (Molecular Probes, Eugene, OR, USA) for 1 h. F-actin and cell nuclei were stained with rhodamine 7 phalloidin (Molecular Probes) and DAPI (4′,6-diamidino-2-phenylindole), respectively. Images 8 were obtained using an image analyzer (In CELL Analyzer 2000; GE Healthcare, Buckinghamshire, 9 UK) through 10× objective lens and confocal laser scanning microscope (Model FV-1000; Olympus, 10 Tokyo) through 60× objective lens. 11
RNA isolation and reverse transcriptase PCR (RT-PCR) analysis
RNA isolation, 12 cDNA synthesis, and PCR analysis were conducted as described previously (16) . Total RNA were 13 isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany) and TRIzol (Invitrogen). One µg of 14 total RNA was then reverse transcribed using SuperScript II Reverse Transcriptase kit (Invitrogen). 15
The qPCR assays were conducted using SYBR Premix Ex Taq (Takara Shuzo, Shiga, Japan), and 16 contained 1 µl of cDNA per 25 µl of reaction mixture. Assays were carried out on a 7300 Real-Time 17 PCR System (Applied Biosystems, Foster City, CA, USA). The relative quantity of the target 18 transcript was estimated by a standard curve, and the data were standardized based on the GAPDH 19 expression. All PCR products were checked by melting curve analysis to exclude the possibility of 20 multiple products or incorrect product size. The primer sequences are listed in Supplementary table  21   S1 . 22
RESULTS 23
Long-term maintenance of undifferentiated hiPSCs Morphologies of hiPSCs and their 24 colonies cultured on the G1 and gelatin-coated surfaces with feeder cells for 5 days were compared 25 as indicated in Fig. S1 . Growth on gelatin was used as a reference condition to compare the growth 1 and maintenance of hiPSCs on the G1 surface. Similar to undifferentiated hiPSCs cultured on the 2 gelatin-coated surface, hiPSCs on the G1 surface grew as tight colonies with cells densely packed 3 together. hiPSCs on the G1 surface maintained their characteristic morphology after 10 passages (50 4 days). 5
To confirm the phenotypes of hiPSCs cultured on the G1 and gelatin-coated surfaces in serial 6 passages for long-term culture, we performed immunostainings of pluripotency markers, Oct3/4, 7 Nanog, SSEA-4, and Tra1-60 of hiPSCs after 10 passages. As shown in Fig. 1A , the colonies 8 passaged on the G1 or gelatin-coated surfaces were strongly positive, and the majority of cells in 9 the colonies were stained for these markers. 10
We also tested the hiPSCs from the G1 and gelatin-coated surfaces with feeder cells for the 11 expression levels of pluripotency and early differentiation markers, by RT-PCR analyses after 1 12 passage and 10 passages. The gene expression of pluripotency markers (Oct3/4, Nanog, Sox2) in 13 hiPSCs at 1 passage and 10 passages on the G1 surface was detected, similar to those in cells 14 cultured on gelatin-coated surface (Fig. 1B1 ). In addition, the ectoderm (SOX1, NEUROD1), 15 mesoderm (MESP1, T gene, EOMES), and endoderm (GATA4, GATA6, SOX17) differentiation 16 markers were not detected in all culture conditions. Subsequent quantitative RT-PCR analyses 17 demonstrated that three pluripotency markers did not show significant difference in mRNA levels 18 (Fig. 1B2) . These results indicate that the hiPSCs passaged up to 10 times on the G1 surface 19 acquired the stable characteristics of undifferentiated cells, similar to those on gelatin-coated 20 surface. 21
Fibronectin secretion from feeder cells on the dendrimer surface
To verify the matrix 22 organization of secreted fibronectin from feeder cells and their expression levels during hiPSC 23 culture, cells cultured on the G1 and gelatin-coated surfaces with feeder cells for 5 days were 24
analyzed by immunostainings and RT-PCR analysis. As shown in Fig. 2A , fibronectin secreted on 25 the G1 surface had a diffuse distribution in distinct spots over the entire cells, similarly to those on 26 circumferential actin bundles were well recognized in the apical side of hiPSC colonies, and the 7 staining patterns were similar on the two surfaces. However, many stress fibers appeared in the 8 basal side of central and peripheral regions in hiPSC colonies on the G1 surface, and some stress 9 fibers stretching across the cytoplasm were developed, compared with those on the gelatin-coated 10 surface. Moreover, paxillin was diffusedly distributed through the cytoplasm of cells in the basal 11 side of colonies on the G1 surface, especially at the ends of stress fibers with intensive staining in 12 the longitudinal direction in a scattered manner (Fig. 3D3) . hiPSCs on the G1 surface showed 13 increased paxillin staining of large adhesions, compared with those on the gelatin-coated surface. 14 These observations indicate enhanced actin filament networks and focal adhesion formation of 15 hiPSCs when they are grown on the G1 surface. 16 We also examined the expression levels of paxillin, Rac1, and E-cadherin in hiPSCs cultured 17 on G1 and gelatin-coated surfaces with feeder cells for 5 days by western blot analysis. As shown in 18 Fig. 4 , the expression levels for paxillin and Rac1 in cells cultured on the G1 surface were 19 significantly higher than those in cells cultured on the gelatin-coated surface. Furthermore, 20 E-cadherin protein levels showed no significant difference in cells on the G1 and gelatin-coated 21
surfaces. 22
To investigate the mechanical properties in hiPSCs, we examined the distribution of zyxin, a 23 cytoskeletal protein, in hiPSCs cultured on the G1 and gelatin-coated surfaces with feeder cells. As 24 shown in Fig. 5 , zyxin expression on the G1 surface appeared to localize primarily at the sites of 25 focal adhesion and cell-cell contacts in both the central and peripheral regions of colonies. However, 26 In our previous study, we found that cell and colony morphology of hiPSCs associated with 20 altered migration on the dendrimer surfaces were responsible for the coordinated regulation of 21 balance between cell-cell and cell-substrate interactions, thereby switching their transition from 22 self-renewal state to early endoderm differentiation in hiPSCs (14) . hiPSCs cultured on the G1 23 surface for 5 days were maintained in an undifferentiated state, while those on the G5 surface 24 exhibited the early commitment to differentiation toward endodermal fates. In this study, the G1 25 8 surface was used for co-cultures of hiPSCs and feeder cells during serial subcultures. hiPSCs on the 1 G1 surface were stably maintained for up to 10 passages without loss of their typical hiPSC 2 morphology, similar to those on a conventional gelatin-coated surface (Fig. 1) . To determine the 3 effect of substratum surface topography on hiPSCs colony formation and changes in cell 4 morphology on the major extracellular adhesive proteins, we investigated the organization and 5 expression of fibronectin at protein and mRNA level. Fibronectin on G1 surface had a diffuse 6 distribution over the entire cells in the form of spots, similarity to those on gelatin-coated surface 7 (Fig. 2A) . There are no significant differences in fibronectin mRNA levels (Fig. 2B) . These findings 8 suggest that colony formation of hiPSCs on a G1 surface used as a synthetic substrate is regulated 9 by the actin cytoskeletal architecture and focal adhesion formation through feeder cells associated 10 with fibronectin. 11
Cytoskeleton-driven force acting through focal adhesion sustains the undifferentiated 12 state of hiPSCs effectively during long-term culture
Adhesion of stem cells to the 13 underlying culture surface modulates cell growth and differentiation through signaling 14 reorganization of the actin cytoskeleton (17, 18). The interaction between integrin and an intact 15 cytoskeleton as well as the assembly of actin stress fibers and cell-generated tension are all 16 thought to be important factors regulating cell fate decisions (19) . Formation of the 17 integrin-mediated adhesions regulated focal adhesion-associated signaling molecules, paxillin and 18 zyxin, to coordinate spatiotemporal activation of a member of Rho family GTPases, Rac1 and their 19 associated effectors to regulate cell migration (19) (20) (21) . Paxillin and zyxin have been suggested to 20 mediate an important subset of cellular responses to force during migration (22, 23) . They localize 21 to the focal adhesions of adherent cells and localize to focal adhesion and cell-cell contacts to 22 regulate cytoskeletal organization and cell motility (23, 24). Transmission of forces from outside 23 the cell through cell-substrate and cell-cell contacts appears to control the maturation or 24 disassembly of these adhesions and initiates intracellular signaling cascades that ultimately alter 25 many cellular behaviors. In response to externally applied forces, cells actively rearrange the 26 organization and contractile activity of the cytoskeleton and redistribute their intracellular forces 1 (23, 25). The cytoskeleton has been shown to bind to factors that control gene transcription 2 (21-23). These studies have provided our current understanding of the focal adhesion mechanism 3 to culture surfaces that functions as an adaptor protein to recruit diverse cytoskeleton and signaling 4 proteins into a complex. 5
In this study, we showed that the secreted fibronectin matrix on the G1 surface was tightly 6 coupled to events that play an important role not only in signaling at cell-substrate adhesions but 7 also at the cell-cell contacts of hiPSCs (Fig. 2) . In addition, we found that the cells cultured on the 8 G1 surface had many stress fibers and focal adhesions with paxillin compared with those of cells on 9 the gelatin-coated surface (Fig. 3) . Western blot analyses of the expression levels of paxillin, Rac1, 10 and E-cadherin revealed an increase of paxillin and Rac1 in the cells cultured on the G1 surface, but 11 the E-cadherin protein level showed no significant difference in the cells on the G1 and 12 gelatin-coated surfaces (Fig. 4) . Our results suggest that the G1 surface induces increased turnover 13 of focal adhesion to promote migration during hiPSC colony formation. Zyxin in cells on the G1 14 surface appeared at sites of cell-substrate and cell-cell contacts of hiPSCs in colonies on the G1 15 surface ( Fig. 5C and 5D ), whereas the zyxin on gelatin-coated surface could only be detected in 16 these location at cell-substrate adhesion (Figs. 5A and 5B). It is noteworthy that zyxin shuttles 17 between the sites of cell-substrate adhesion and cell-cell contacts of hiPSCs in colonies on the G1 18 surface. We propose that zyxin may regulate whether cell migration occurs independently in 19 individual cells or is coordinated inside colonies that maintain balance between cell-substrate and 20 cell-cell interactions. Zyxin is an alpha-actinin and stress-fiber-binding protein found in mature 21 focal contacts (23, 24). Furthermore, zyxin has been shown to bind to factors that control gene 22 transcription and they function as regulatory domains for controlling protein-protein interactions 23
with components involved in cell-cell interaction. Our results suggest that maintenance of 24 undifferentiated hiPSCs on the G1 surface is regulated by the well-organized actin cytoskeletal 25 architecture through focal adhesion formation, which in turn elicit differential contractile forces and 26 adhesion to stimulate cell migration. An important consideration in hiPSC culture is that cell-cell 1 contractility within growing hiPSC colonies may change local region inside colonies, which may 2 affect maintenance of undifferentiated state. When the hiPSCs grown on the G1 and gelatin-coated 3 surfaces were compared, cells on the G1 surface are facilitated by mechanical forces acting through 4 zyxin with respect to attachments of the actin cytoskeleton to regions of cell-substrate and cell-cell 5 contacts. The effects of mechanical signaling through cytoskeleton in hiPSCs on the G1 surface 6 indicate that modulation of zyxin expression is sufficient to sustain their undifferentiated state 
